Abstract. Essential oils are natural volatile substances found in a variety of plants. The toxicity of z-β-ocimene and dihydrotagetone (isolated from the oil of Tagetes minuta) to eggs and juveniles of Meloidogyne incognita was investigated in vitro. Tagetes minuta oil at 4%, 3%, 2% and 1% was strongly toxic to eggs and juveniles of M. incognita. Further studies revealed that dihydrotagetone and z-β-ocimene isolated from the oil showed strong nematicidal activity against M. incognita, with dihydrotagetone showing a higher level of toxicity than z-β-ocimene. The results of this study suggest that dihydrotagetone and z-β-ocimene isolated from T. minuta oil are potential sources of botanicals for control of the root-knot nematode M. incognita.
Introduction
Plant-parasitic nematodes affect many crops worldwide, and the economic losses caused are estimated to be in the order of $77 billion each year (Sasser and Freckman 1987) . Plantparasitic nematodes are either ectoparasites (living outside the root) or endoparasites (living inside the root). The most economically important of the endoparasites are sedentary cyst nematodes of the genera Heterodera and Globodera, and the root-knot nematodes of the genus Meloidogyne. They invade the host root as juveniles and then induce the formation of highly specialised feeding structures within the vascular cylinder. These serve to satisfy the nutritional demand of the developing animal (Sijmons et al. 1994) . Root-knot nematodes feed from multinucleate giant cells developed by the expansion of cambial cells within the differentiating vascular cylinder.
Essential oils are natural volatile substances found in a variety of plants. They are composed of isoprenoid compounds, mainly mono-and sesquiterpenes which are the carriers of the smell found in aromatic plants (Franzios et al. 1997) . Particular emphasis has been placed on their antibacterial, antifungal, antimite, antitermite and insecticidal activities (Franzios et al. 1997; Chang et al. 2000a Chang et al. , 2000b Chang et al. , 2001a Chang et al. , 2001b Chang et al. , 2001c Chang and Cheng 2002) , but there has been little emphasis on their antinematicidal activities.
Volatile oils of Tagetes minuta have a biological activity against a wide range of microorganisms and insects (Mohamed et al. 2000) . They are also used in perfumes and as flavour components in many food products. The plants have a suppressive effect on free-living nematodes and have been used as an intercrop in rotation to protect crops (Kimpinski and Arsenault 1994) . However antinematicidal activities of pure compounds isolated from the oil against root-knot nematodes have not been reported. This study was, therefore, designed to investigate the antinematicidal activity of z-β-ocimene and dihydrotagetone on M. incognita in vitro.
Materials and methods

Cultures of Meloidogyne incognita and extraction of eggs
Pure cultures of M. incognita collected from Aligarh Muslim University, Aligarh, India were multiplied on tomato cv. Rutgers in the screenhouse. M. incognita eggs were extracted by shaking infected tomato root pieces with 0.5% sodium hypochlorite (Hussey and Barker 1973) . Some of the extracted eggs were incubated using extraction trays to obtain second-stage juveniles (J 2 ).
Extraction of essential oil from Tagetes minuta
In total, 2.5 kg fresh T. minuta (whole plant) was subjected to hydro-distillation for 4 h using Clevenger's apparatus (Clevenger 1928 ) and the oil obtained (10 mL, 0.4%, v/v) was dried over anhydrous sodium sulfate. The oil was stored under refrigerated conditions before use.
Isolation and characterisation of pure compounds from Tagetes minuta oil
In total, 10 mL acetonitrile and 5 mL n-pentane were added to 10 mL T. minuta oil in a separating funnel. The two layers were gently shaken and acetonitrile and n-pentane fractions were collected in separate flasks after 30 min. To the acetonitrile fraction, 5 mL n-pentane was added and partitioned in a separating funnel. The resulting acetonitrile and n-pentane fractions were collected in separate flasks. This process was repeated seven times, by adding 5 mL n-pentane to acetonitrile fraction each time to completely remove n-pentane soluble substances from the acetonitrile fraction. Similarly, 5 mL acetonitrile was added to n-pentane fraction and mixed in a separating funnel. The two resulting fractions were collected in separate flasks and this process was repeated seven times as described above. The two composite n-pentane (ocimenerich) and acetonitrile (dihydrotagetone-rich) fractions were separately distilled in rotavapour at 40
• C under reduced pressure to completely remove n-pentane and acetonitrile. Further purification of ocimene and dihydrotagetone was achieved by repeated column chromatography over silica gel of 60-120 mesh with pure hexane and 1%, 2% and 5% ethyl acetate in hexane. The purity of components was monitored on a 14B Shimadzu gas chromatograph fitted with a dimethyl siloxane phase, SE-30 capillary column (30 m × 0.25 mm, with 0.25 mm film thickness) using nitrogen as a carrier gas with a flow rate of 1 mL/min on split mode. Temperature was programmed from 40 to 200
• C at 10 • C/min; the sample was held at 40
• C for 2 min and at 200
• C for 15 min. Injector and detector temperatures were at 250
• C and 230
• C, respectively. Samples were injected in 0.2 μL quantities. Gas chromatography was equipped with FID and C-R7A Chromatopac systems.
Gas chromatography-mass spectrometry analysis was conducted on a Perkin-Elmer, quadripole MS system (model Q-mass 910), equipped with an SE-30 capillary column, using a similar temperature programme to that described above. Injection temperature was programmed to be 250
• C and transfer line temperature was maintained at 230
• C. Helium was used as a carrier gas with flow rate of 6.4 mL/min. Ionisation energy in mass was 70 ev, mass range 40-300 amu and scan rate was 1.92. The constituents were identified by computer library search, visual interpretation of mass spectra (Jennings and Shibamoto 1988; Adams 1989; Stein 1990) , comparison with available authentic samples and composition of mass spectra available in our own library.
Egg-hatch and juvenile mortality tests
In total, 3-mL aliquots of ∼200 eggs of M. incognita were transferred separately into Petri dishes (60-mm diameter) containing 3 mL each of 8%, 6%, 4% and 2% T. minuta oil, thus reducing effective concentrations of the oil to 4%, 3%, 2% and 1% respectively. Petri dishes containing 3 mL of distilled water served as controls. Each treatment was replicated five times with separate controls. Petri dishes were incubated in the laboratory at ambient temperature. The numbers of hatched juveniles were counted every 24 h for 14 days. For the juvenile mortality test, 3 mL aliquots of ∼200 J 2 (freshly hatched) were transferred separately into 60-mm Petri dishes containing 3 mL of T. minuta oil or distilled water as described for the egg-hatch study. The numbers of immobilised nematodes were counted every 24 h for 14 days. Nematodes were confirmed dead when they remained immobile and failed to respond to touch by picking brush on transferring them into distilled water. In separate trials, z-β-ocimene and dihydrotagetone at 2% and 1% were tested on eggs and J 2 of M. incognita as described earlier. The egg-hatch and juvenile mortality trials were performed twice.
Statistics
Egg-hatch data were subjected to statistical analysis using the SAS (1985) statistical package. Differences between means were tested using Duncan's Multiple Range Test at P = 0.05.
Results
The results presented in Table 1 indicate that T. minuta oil was very toxic to eggs of M. incognita as shown by the 72-79% inhibition in egg-hatch in 14 days. Egg-hatch inhibition was found to be directly proportional to concentration of the oil. Similarly, M. incognita juveniles incubated in T. minuta oil were killed within 72 h (Fig. 1) . Also, dihydrotagetone at 2% and 1% inhibited egg-hatch of M. incognita (75%) more than z-β-ocimene at 2% and 1% (67-68%). Dihydrotagetone was significantly more toxic to eggs of M. incognita than z-β-ocimene (Table 2) . Similarly, juveniles of M. incognita incubated Water ( in dihydrotagetone were all killed within 72 h, while those incubated in z-β-ocimene were all killed in 96 h (Fig. 2) .
Discussion
T. minuta oil, as well as dihydrotagetone and z-β-ocimene isolated from the oil, were strongly toxic to eggs and juveniles of M. incognita. The results of the present study also suggest that dihydrotagetone showed a stronger nematicidal activity against M. incognita than z-β-ocimene. It is well known that plant-derived natural products are extensively used as biologically active compounds. Among them, essential oils were the first preservatives used by man, originally in their natural state within plant tissues and then as oils obtained by water distillation. Essential oils and extracts obtained from trees have been studied for use as natural insecticides instead of organic phosphorus materials or other synthetic agents (Cheng et al. 2003) . In a related study, bark essential oil of Calocedrus formosana and heartwood and bark essential oils of Cryptomeria japonica, among 14 essential oils, showed stronger toxicity against brine string (Cheng et al. 2003) . The results of the present study are corroborated by the findings of Mohamed et al. (2000) who reported that aromatic Tagetes plants produce secondary products which have a biological activity against a wide range of microorganisms, insects and nematodes. Our results are also consistent with the reports that the bioassay of T. minuta and S. areira oils and their pure principal components revealed strong inhibitory activity of the root growth of Zea mays seedlings (Scrivanti et al. 2003) . The use of T. minuta essential oil components in nematode control could be an alternative pest control method for minimising the side effects of some synthetic nematicides on the environment. The results of this study suggest that dihydrotagetone and z-β-ocimene isolated from T. minuta oil are potential sources of botanicals for control of the root-knot nematode, Meloidogyne incognita.
